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Abstract
Production of engineered carbon-based nanomaterials (CNM) is rising, with increased
risk of release to the environment during production, transportation, use, and disposal. This trend
highlights a need to understand potential impacts of CNM on the natural environment. Fullerenes
(n-C60) are insoluble in water, and form aggregates that settle quickly, suggesting higher relative
vulnerability of aquatic benthic ecosystems. This study aimed to determine eco-toxicity of
fullerene and its functionalized derivatives on functionally representative benthic organisms, and
evaluate how the potential lethal and sub-lethal effects of fullerene on these organisms indirectly
impact benthic ecosystem function, including decomposition, primary productivity and nutrient
cycling. We conducted chronic and acute traditional laboratory toxicity tests and a microcosm
experiment in natural sediments. Standard toxicity tests indicated that population growth of
Lumbriculus variegatus was reduced at 25 to 150 mg C60 kg-1, but C70 and the fullerene
derivative C60-PCBM did not affect growth or weight of organisms in artificial sediments at 25
mg kg-1. Survivorship and growth were lower in natural sediments with historic contamination,
but there was no measurable additive influence of C60. Photosynthesis by the benthic diatom
Nitzschia palea was inhibited in the presence of C60, and at high exposure chlorophyll a
increased. L. variegatus had strong effects on benthic ecosystem function, especially metabolism
and nitrogen cycling, but C60 ≤ 30 mg kg-1 sediment did not influence the role of L. variegatus
in driving benthic processes. These observations suggest that at moderate to high concentrations
under ideal conditions, C60 may directly impact benthic organisms. However, under natural
conditions with low to moderate concentrations, C60 does not indirectly impact the ecosystem
processes maintained by such organisms. These results are a step further towards a better

vi

understanding of potential impacts of CNMs on aquatic ecosystems, and can aid in the
development of regulatory policies.
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Chapter 1.
Introduction: Engineered carbon nanomaterials in the environment

1

1.1. Background
Nanoscience is a relatively new field that involves the study of phenomena and
manipulation of nanoparticles, which have a size range of 1 - 100 nm in at least one dimension
(Hester & Harrison, 2007). Due to their unique characteristics, such as high surface area,
catalytic surface and ability of agglomeration, nanoparticles are increasingly manufactured and
used in a diverse range of industries, including Computing, Communications, Medicine and
Pharmaceuticals. They are also used in the energy sector, especially renewable technologies,
including organic photovoltaic cells, fuel cells and wind turbines (Gasman, 2006; Hester &
Harrison, 2007; Hussein, 2015). Some examples of nanomaterials and their uses are: nano-sized
titanium dioxide used in paints, papers and plastics; silicon dioxide used as electrical insulators;
quantum dots, which have relevant applications in medical imaging; and fullerenes, which are
used in cosmetics, drug carriers and energy applications (Wiesner & Bottero, 2007).
Between 2007 and 2014, the Nanotechnology Consumer Products Inventory (CPI)
increased from 580 to 1,814 products contributed by 622 companies in 32 countries (Vence et
al., 2015). The increased application and use of nanomaterials along with their unique chemical
and physical characteristics make them emerging contaminants with, unknown and unpredictable
behavior in the environment compared to their non engineered form. Therefore, there is a clear
and increasing need to understand the potential impacts of engineered nanomaterials to
ecosystems and human health (Roduner, 2006; La Farré et al., 2008; Richardson, 2009).
Fullerenes (or “Buckyballs”, including C60, C70 and their functionalized derivatives) are
a class of carbon allotropes with unique properties that make them useful in different
applications. Because of their high strength, electrical conductivity, electron affinity, structure
and versatility, fullerenes are increasingly used in cosmetics, medicine, optics and electronics
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(Bakry et al., 2007). This diverse array of applications suggests that the potential environmental
impacts of fullerenes may be equally variable. In addition, the embodied impacts associated with
production and disposal of fullerene on individual organisms and on the ecosystem as a whole
have not yet been assessed. The toxicity results for pristine C60 on model organisms are
conflicting, with varying lethal and sub-lethal effects (e.g., Van der Ploeg et al., 2011, Pakarinen
et al., 2011). Given the lack of complete knowledge about the direct and indirect environmental
impacts caused by carbon-based nanomaterials, an ecological assessment of different forms of
fullerene will help with prediction of the potential environmental impacts of these new
technologies.
Fullerenes are insoluble in water and form aggregates that settle to the sediments,
making the benthic zone of aquatic ecosystems most vulnerable to their potential toxic effects.
Further, due to the large presence of important ecosystem engineers residing in the benthos, any
influence on these organisms that disrupts bioturbation may have cascading influences on
biogeochemical processes at the sediment-water interface (Nogaro et al., 2007; Kristensen et al.,
2012; Kuntz and Tyler, 2018). Thus understanding how lethal and especially sub-lethal toxicity
effects influence the role that benthic organisms play in the ecosystem is key.
We applied empirical approaches to evaluate aquatic eco-toxicity of fullerene in the
pristine and functionalized forms used in photovoltaic applications. The main objectives were to
determine eco-toxicity of fullerenes to representative benthic organisms in traditional laboratory
experiments and evaluate how the (sub-lethal) effects indirectly impact ecosystem processes and
functions, including decomposition, primary productivity and nutrient cycling. We hypothesized
that fullerene and its functionalized derivatives may impact reproduction, growth and
survivorship of benthic organisms and would thereby alter the ability of benthic organisms to
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drive ecosystem processes and lead to shifts in nutrient cycling, organic matter removal and
community dynamics. This study enhances our understanding of engineered nanomaterials and
their potential risks in aquatic systems, support development of guidelines and policies regarding
environmental safety of engineered nanomaterials and contribute to a safe and sustainable
nanotechnology industry.

1.2. Environmental pathways, behavior and fate of nanomaterials
ENMs may be released into the environment via air, soil, and surface water (Colvin,
2003). In the air, ENMs may be transported long distances as aerosol and ultimately end up in
contact with soil and surface water; it may also be directly released on the soil (e.g. ENMcontaining agrochemicals) and reach groundwater via leachate (Lin et al., 2010; Gottschalk &
Nowack, 2011). Based on a probabilistic model, sludge-treated-soil and sediments are expected
to have the highest concentration of ENMs. Additionally, the most prominent calculated material
flows for fullerenes were from sewage treatment plants to waste incineration plants and surface
waters, suggesting negative impacts to aquatic organisms (Gottschalk et al., 2009). When
entering water bodies through air transport, groundwater, surface water or waste effluents, ENMs
may be available in the water column or form aggregates and settle to sediments (Nowack et al,
2012). The specific pathway depends on the chemical and physical properties of the material,
such as size, surface area and charge, and interactions with abiotic factors in the system,
including pH, solubility, ionic strength, water hardness and organic matter content (Lin et al.,
2010; Basiuk et al., 2011). A significant proportion of ENMs that enter a waterbody are expected
to settle from the water column to sediments, and, especially for non-derivatized fullerenes, a
complete sedimentation is assumed, meaning consequent exposure of the benthic community to
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the material (Baun et al., 2008; Gottschalk et al., 2009). By settling to sediments, ENMs may
pose a threat to benthic organisms, which are in direct contact with the sediment surface, and this
should be taken into consideration while selecting model or representative organisms for toxicity
studies. Therefore, it is crucial to understand the fate, behavior, bioavailability and effects of
carbon-based nanomaterials (CNMs) within the benthic environment, taking into consideration
potential impacts on species, communities and environmental processes, functions and services
(Fig. 1.1).

Fig 1.1. Schematic illustrating the pathway of fullerene in aquatic ecosystems, the organisms
likely to be exposed, the process measurements able to identify shifts on ecosystem processes,
and the resulting impact on ecosystem services.

Derivatization, method of fabrication, and crystallinity of ENMs are also important
characteristics to be taken into consideration in evaluating nanoparticle toxicity and exposure
pathways. One of the ways of fully evaluating the potential environmental and health impacts of
ENMs is by analyzing each step in the life cycle of a product. A life cycle assessment (LCA) is a
cradle-to-grave analysis to evaluate impacts across the entire product’s life, including extraction
of raw products, manufacturing, transportation, distribution, use/reuse, recycling and final
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disposal, with the goal to prevent or minimize environmental impacts, assess waste discharges,
ultimately implement techniques to make environmental improvements (Curran, 1994;
Crawford, 2011). A complete risk assessment of ENMs must evaluate the structural changes and
functionalization of compounds during production, use, and release. Therefore, a toxicity
assessment of pristine and functionalized fullerenes that are incorporated into products will aid in
the prediction of their direct and indirect ecological impacts and prevent possible environmental
and health impacts.

1.3. Toxicity of nanomaterials
Nanomaterials are considered one of the main emerging chemicals to pose risk to
workers and the environment, primarily due to the lack of knowledge of their toxic and health
effects (European EU-OSHA, 2009). Even though there is currently a considerable body of
research on nanomaterials - from 2000-2010 approximately 98,000 studies were published - only
around 3,000 studies evaluated toxicity or toxicology of nanoparticles and less than 10 of them
study the interaction between organisms or between organisms and the natural environment
(Bernhardt et al., 2010). While interest has increased in more recent years, with notable
publications that address potential ecological impacts (Oberdörster et al., 2006; Petersen et al.,
2008; Pakarinen et al., 2011; Wang et al., 2014), there is still a significant gap in our
understanding of potential impacts of ENMs on organisms and ecosystems.
Exposure to quantum dots generated damaging reactive oxygen species and caused stress
and growth inhibition of terrestrial soil bacteria (Priester et al., 2009). Such nanoparticles also
bioaccumulate in bacteria and may be transferred to protozoan predators, suggesting potential for
transport to higher trophic levels (Werlin et al., 2011). Other metal ENMs, titanium dioxide and
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zinc oxide, also decreased the relative abundance of the bacterial community and, consequently,
affected nitrogen fixation, methane oxidation, and organic compound mineralization (Ge et al.,
2012). While certain nanomaterials, including titanium dioxide and silver nanoparticles (Federici
et al, 2007; Navarro et al., 2008; Sharma, 2009; Levard et al., 2012; ) have been well studied, the
ecological impacts of carbon nanomaterials are still poorly understood and need to be further
evaluated.
Based on the relatively few studies that measure the impact of carbon nanomaterials on
organisms and ecosystems, it is challenging to draw definitive conclusions about the potential
ecotoxicity of these materials (Table A1.1). Fullerene (C60) had lethal impacts in the water
column invertebrate Daphnia magna, causing increased mortality with increasing concentration
(Lovern & Klaper, 2006). Sub-lethal effects, including reduced offspring and altered molting, on
D. magna have also been identified identified (Oberdörster et al., 2006). Additionally, C60
exposure to terrestrial earthworms, Lumbriculus rubellus, demonstrated negative effects on their
health by reducing their population growth and cocoon production (Van der Ploeg et al., 2011).
Sub-lethal effects on feeding behavior and partial damage of epidermal cuticle fibers were
observed after C60 exposure in the freshwater oligochaete L. variegatus, but no lethal effects
were identified (Pakarinen et al., 2011; Wang et al., 2014).
The physicochemical properties of both the environment and of the ENMs themselves
play a crucial role in material their behavior and interactions with organisms. For instance, the
pH in a particular natural system can affect the susceptibility of an organism to contaminants,
and the soil or water temperature can significantly affect the rate at which a nanomaterial is
metabolized (Wiesner & Bottero, 2007). Also, individual nanomaterial properties, especially size
and surface area, greatly influence uptake potential by organisms. For example, smaller
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aggregates of fullerene seemed to have greater antibacterial activity than larger aggregates to the
test organism, Bacillus subtilis, a well-studied soil organism able to survive under aerobic and
anaerobic scenarios (Lyon et al., 2006). Another important aspect to be considered in order to
fully understand the ecological impacts of fullerenes is to take into consideration the presence of
other toxicants and evaluate how engineered nanoparticles might behave in polluted ecosystems.
For instance, if fullerenes are being released through the waste streams, they might react with
existing contaminants in the water that alter their transport and bioavailability to aquatic
organisms. Titanium dioxide nanoparticles (n-TiO2) are able to adsorb arsenic and increase the
mortality of Ceriodaphnia dubia, a water flea found in freshwater ecosystems, while n-TiO2
alone showed no toxicity (Wang et al., 2011). Therefore, given the variety of stressors present in
natural ecosystems, studies that only look at inherent toxicity of nanomaterials and do not take
these synergistic interactions into consideration might not be relevant under environmentally
realistic conditions. As a result, the potential impacts of fullerenes are wide ranging and largely
unknown, with a variety of potential impacts on different habitats and levels throughout the food
web.

1.4. Assessment of impacts on ecosystem processes, functions and services
Ecosystems provide many services to humans, including provision of fresh water,
recycling and redistribution of nutrients, climate regulation, cultural, spiritual and recreational
services (Millennium Ecosystem Assessment, 2005). These services are driven by ecosystem
functions, which can be defined as ecological processes and components with regulating (clean
air, water and soil), habitat, production (photosynthesis, nutrient uptake) or information (cultural,
aesthetic, recreational) capabilities that are a result of complex interactions between biotic and
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abiotic ecosystem components (De Groot et al., 2000; De Groot et al., 2002; Schäfer, 2012). As a
result, toxicological studies should pay special attention to key biological species that are directly
responsible for maintenance of ecosystem processes and services and also identify impacts on
population dynamics, community interactions, loss of biodiversity, food web interferences and
shifts in ecosystem functions (Holden et al., 2012).
The vulnerability of benthic ecosystems to ENMs exposure indicates demand for special
attention. In aquatic ecosystems, benthic organisms are key for several ecosystem processes
(Fig.1.2; Covich et al. 1999) and an understanding of the direct influence of contaminants on key
organisms along with the indirect effects on ecosystem function is of great relevance when
trying to evaluate ecosystem-level impacts.

Fig 1.2. Relevant environmental processes influenced by benthic organisms.

Benthic microalgae (BMA) play an important role in the benthic community of
freshwater ecosystems. These primary producers are an important energy source for invertebrates
(Mayer and Likens, 1987), and influence biogeochemistry at the sediment water interface (Tyler
et al., 2003). Additionally, BMA modulate the form and availability of solutes, transforming
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inorganic to organic compounds, retaining nutrients, moderating redox status, providing habitat
for meiofauna, and biostabilizing sediments (Stevenson et al., 1996; Dodds 2003).
In spite of the importance of benthic primary producers, sediment bioassays with BMA
are scarce, largely due to methodology limitations associated with determination of toxicity
mechanisms and distinction among live and dead cells and particulate matter (Stauber et al.,
2002). Multi-walled carbon nanotubes delayed cell growth of the benthic diatom Nitzschia palea
primarily caused by the physical impact of shading (Verneuil et al., 2015). Similarly, aqueous
fullerene (nC60) inhibited growth and decreased chlorophyll content and photosynthetic products
of the water column microalgae Scenedesmus obliquus (Tao et al., 2015). In this work, we
present novel methods for the culture and evaluation of toxicity to BMA.
Bioturbation, which includes soil and sediment reworking, is an important process that
causes complex interactions at the sediment-water interface by affecting water content, sediment
permeability, solute concentrations in porewater, organic matter, inorganic nutrient efflux and
remineralization rates (Aller and Aller, 1998; Covich et al., 1999; Lohrer et al., 2004; Kristensen,
2012). Sediment reworking by benthic bioturbators is an especially important factor to consider
in order to understand the transport and fate of chemicals in the sediments (Wallace and Webster,
1996). Among the bioturbating infauna, L. variegatus, a freshwater benthic oligochaete, plays a
key ecological role in freshwater ecosystems as organic matter feeders and water pollution
indicators. They feed on sediments and associated materials and, by dwelling head down in the
sediment and leaving the tail above the water-sediment interface, L. variegatus influences
resuspension and transport of chemicals from the sediments and porewater to the water column
(Penttinen et al., 1996). The ability of benthic invertebrates to influence material transport and
impact nutrient cycling may be due to the burrow walls which increase surface area for solute
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exchange and to bioirrigation that increases oxygen penetration into the sediments (Kuntz and
Tyler, 2018).
L. variegatus is a model freshwater invertebrate for assessing the toxicity and
bioaccumulation of sediment-associated contaminants by the United States Environmental
Protection Agency (USEPA) and it has been used extensively for toxicity studies on a wide
range of potential contaminants, including carbonaceous nanomaterial (Petersen et al., 2008;
Pakarinen et al., 2011; Wang et al., 2014). The potential toxic impacts caused by fullerene on
this organism include lower feeding activities and growth rates, suggesting sub-lethal effects
(Pakarinen et al., 2011). The impact of L. variegatus on sediments may change due to exposure
to emerging contaminants, which might lead to a shift in ecosystem processes and functions
influenced by its feeding and bioturbation activities (Fig. 1.1). For instance, it is still not clear if
sub-lethal effects on benthic organisms caused by fullerenes will have an overall impact on
ecosystem processes, including oxygen and nutrients fluxes, organic matter decomposition and
primary productivity. This is a key question that this study intends to answer and therefore, this
study might help to understand the fate and bioavailability of carbon nanomaterials in the
sediments.
Due to the negative effects on key organisms (Lovern & Klaper, 2006; Van der Ploeg et
al., 2011), the potential for cascading effects up the food web is likely. By applying
environmentally-relevant scenarios in microcosm and mesocosm experiments, which integrate
population, community, and ecosystem-level responses, instead of standard toxicity studies that
isolate organism from the ecosystem, this work delivers more realistic results regarding the true
impact of contaminants in ecosystems. Therefore, moving from a species to an ecosystem
approach is essential for a complete assessment of ecological impacts of nanoparticles.
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Chapter 2.
Effects of fullerenes on a freshwater benthic community: toxicity and implications for
environmental functions and services

12

2.1. Introduction
Nanoscience is a relatively new field that involves the study of phenomena and
manipulation of nanoparticles, which have a size range of 1 - 100 nm in at least one dimension
(Hester & Harrison, 2007). Due to their unique characteristics, such as high surface area,
catalytic surface and ability of agglomeration, nanoparticles are increasingly manufactured and
used in a diverse range of industries, including Computing, Communications, Medicine and
Pharmaceuticals, and the Energy sector (Gasman, 2006; Hester & Harrisson, 2007; Hussein,
2015). Examples of nanomaterials and their uses include: nano-sized titanium dioxide used in
paints, papers and plastics; silicon dioxide used as electrical insulators; quantum dots, with
applications in medical imaging; and fullerenes, used in cosmetics, drug carriers and energy
applications (Wiesner & Bottero, 2007).
Between 2007 and 2014 the number of nano-enabled technologies listed by the
Nanotechnology Consumer Products Inventory (CPI) increased from 580 to 1814, with products
from 622 companies in 32 countries (Vence et al., 2015); this trend has continued to recent years.
The increased application and use of nanomaterials along with their unique chemical and
physical properties, creates an issue of an emerging contaminant with different and,
consequently, unknown behavior in the environment when compared to their non-engineered
form; therefore, there is a clear and increasing need for research to understand potential impacts
to ecosystems and human health (Roduner, 2006; La Farré et al., 2008; Richardson, 2009;
Bernhardt et al., 2010; Holden et al., 2012).
Fullerenes (C60 and C70) are a class of carbon allotropes with unique properties that
make them useful in a variety of applications. Because of their high strength, electrical
conductivity, electron affinity, structure and versatility, fullerenes are increasingly used in
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cosmetics, medicine, optics and electronics (Bakry et al., 2007). This diverse array of
applications suggests that the potential environmental impacts of fullerenes may be equally
variable. Since fullerenes form aggregates that settle to the sediments, benthic organisms and
ecosystems are disproportionately vulnerable to their potential toxic effects; yet we understand
little about the impact of fullerenes on this community.
The benthic community drives numerous ecosystem functions in aquatic ecosystems,
including sediment reworking, material transport, nutrient cycling and energy-flow through food
web (Aller and Aller, 1998; Covich et al., 1999). Invertebrate bioturbators act as influencers of
biogeochemical processes through nutrient cycling at the sediment-water interface and material
transport in sediments, while benthic microalgae are primary producers, a source of nutrition to
invertebrates and regulate nutrient uptake and biogeochemistry at the sediment-water interface
(Mayer and Likens, 1987; Stevenson et al., 1996; Dodds 2003; Tyler et al., 2003; Nogaro et al.,
2007; Kristensen et al., 2012; Kuntz and Tyler 2018). Because of the important ecosystem roles
of benthic organisms, it is key to understand how lethal and sub-lethal toxicity effects influence
not only individual species, but communities and environmental functions when trying to
evaluate ecosystem-level impacts.
Lumbriculus variegatus, a model freshwater invertebrate has been used extensively for
toxicity studies on a wide range of potential contaminants, including carbonaceous nanomaterial
(Petersen et al., 2008; Pakarinen et al., 2011; Wang et al., 2014). The potential toxic impacts of
fullerenes on this organism include lower feeding activities and growth rates, suggesting sublethal effects (Pakarinen et al., 2011). L. variegatus plays a key ecological role in freshwater
ecosystem by influencing material transport, nutrient cycling, and resuspension and transport of
chemicals from the sediments and porewater to the water column (Penttinen et al., 1996;
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Blankson and Klerks 2016; Kuntz and Tyler, 2018). The impact of L. variegatus on sediments
may change due to fullerene exposure, leading to a shift in ecosystem processes and functions
such as oxygen and nutrients fluxes, organic matter decomposition and primary productivity.
This is a key question that this study intends to answer.
Nitzschia palea, a diatom species common to temperate freshwater ecosystems, was the
model primary producer organism selected for this study. To date, the impacts of nanoparticles
on microalgae has received little attention. Multi-walled carbon nanotubes delayed cell growth of
N. palea primarily caused by the physical impact of shading (Verneuil et al., 2015). Similarly,
aqueous fullerene (nC60) inhibited growth and decreased chlorophyll content and photosynthetic
products of the water column microalgae Scenedesmus obliquus (Tao et al., 2015). In spite of the
importance of benthic primary producers, sediment bioassays with BMA are scarce, largely due
to methodology limitations associated with determination of toxicity mechanisms and distinction
among live and dead cells and particulate matter (Stauber et al., 2002). In this work, we present
novel methods for the culture and evaluation of toxicity to BMA.
In addition, the impacts of release to the environment during production and disposal of
fullerene on individual organisms and on the ecosystem as a whole have not yet been assessed
(Wiesner, et al., 2009; Bernhardt et al., 2010). Most of the studies to date evaluate only the
effects of pristine C60 on individual organisms, and the results are conflicting, with varying
lethal and sub-lethal effects to model organisms (Van der Ploeg et al., 2011, Pakarinen et al.,
2011). Since there is a lack of complete knowledge about the direct and indirect environmental
impacts caused by carbon-based nanomaterials, an ecological assessment of different forms of
fullerene will help with prediction of the potential environmental impacts of these new
technologies. Further, in many applications, pristine fullerene is derivatized to alternate forms,
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such as C60-PCBM, used as an acceptor molecule in organic photovoltaics (OPVs) devices
(Brabec et al., 2010; Anctil et al., 2011). Toxicity of this form of C60 derivative has not yet been
addressed, to our knowledge. Thus, it is important to understand how the change from pristine to
the functionalized forms of fullerene that are incorporated into products and industrial processes
affects toxicity and, consequently, their potential implications for ecosystem processes and
functions.
Microcosm and mesocosm experiments integrate community and ecosystem-level
responses, and are essential for a complete assessment of ecological impacts of fullerenes
toxicity in more environmentally relevant scenarios (Benton et al., 2007; Ozgul, et al., 2012;
Blankson and Klerks, 2016). Toxicological studies should pay special attention to key biological
species that are directly responsible for ecosystem processes and services, and also identify
impacts on population dynamics, loss of biodiversity, community interactions, food web
interferences and ecosystem functions (Holden et al., 2012;). In this study we take a hybrid
approach to this problem, combining traditional ecotoxicology studies with microcosm studies to
gain a more complete picture of the potential impact of these emerging contaminants using
representative organisms from the benthic community.
In a thorough investigation of ecological impact, it is also important to consider the
specific environmental conditions and the presence of other toxicants in natural systems since the
physicochemical properties of the environment, such as pH and water temperature, may affect
material behavior and interactions with organisms (Wiesner & Bottero, 2007). Most often,
contaminants enter ecosystems already impacted by legacy pollutants (Venier et al., 2014), and
interactions with these compounds may influence the toxicity of novel contaminants. For
instance, titanium dioxide nanoparticles (n-TiO2) are able to adsorb arsenic and increase the

16

mortality to Ceriodaphnia dubia, a water flea found in freshwater ecosystems, while n-TiO2
alone showed no toxicity (Wang et al., 2011). Thus it is important to evaluate how engineered
nanoparticles behave in concert with other pollutants. Therefore, given the variety of stressors
present in natural ecosystems, studies that only look at inherent toxicity of nanomaterials and do
not take into consideration these synergistic interactions might not be relevant under
environmentally realistic conditions.
The main objectives of this research were to determine eco-toxicity of fullerene (C60 and
C70) and functionalized derivative (C60-PCBM) on functionally representative benthic
organisms and evaluate how the (sub-lethal) effects of such carbonaceous nanomaterials on
benthic species indirectly impact ecosystem functions, including decomposition, primary
productivity and nutrient cycling. We hypothesized that fullerenes may impact reproduction,
growth and survivorship of benthic species and alter the ability of benthic organisms to drive
ecosystem processes, leading to shifts in nutrient cycling, organic matter content and community
dynamics. We also hypothesized that legacy pollutants may interact with fullerenes to exacerbate
the impact on benthic organisms. This work is one of the first to evaluate direct toxicity and the
indirect effect on ecosystem function of an emerging contaminant, and will enhance the
understanding of engineered nanomaterials and their potential risks in aquatic systems, and
support development of guidelines and policies regarding environmental safety of engineered
nanomaterials and a sustainable nanotechnology industry.

2.2. Materials & methods
In this study we elucidate the toxic effects of fullerenes on functional representatives of
the freshwater benthic community using standard toxicity tests and subsequently evaluate how
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potential lethal or sub-lethal effects on such organisms impact biogeochemical processes and
ultimately affect ecosystem functions using environmentally realistic microcosms (Fig 2.1).

Fig 2.1. Overview of toxicity experiments.
2.2.1. Preparation of fullerenes for toxicity and microcosm experiments
Fullerenes are insoluble in water and form agglomerates (Scharff et al., 2004). To
solubilize materials for experimental use, stock solutions (200 mg/L) of C60 (purity 99.5%), C70
(purity 99.0%) and [6,6]-phenyl-C61-butyric acid methyl ester (C60-PCBM; purity 99.0%)
purchased from SES Research (Houston, TX) were prepared after Pakarinen et al. (2011; 2013)
by continuously stirring at the minimal stirring rate in artificial freshwater (AFW; EPA protocol
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described by Weber, 1991) in an Erlenmeyer flask on a magnetic stir plate in the dark for at least
six weeks. To verify the fullerene concentration in stock solutions and water samples,
nanomaterial solution, 2% NaCl, and toluene (2:1:2, respectively) were added to a glass
exetainer and vortexed for 2 minutes to allow the nanomaterial present in solution dissolve in
toluene. The toluene layer was transferred to a glass cuvette and absorbance measured using a
Shimadzu UV-VIS 1800 Spectrophotometer at 332 nm for C60, 334 nm for C70, and 331 nm for
C60-PCBM, with a second reading at 700 nm to check for turbidity. When absorbance was
above 0.2, this procedure was repeated to ensure complete transfer of CNM to toluene. Standard
solutions were prepared in toluene.

2.2.2. Toxicity of carbon based nanomaterials on L. variegatus
L. variegatus were obtained from Aquatic Biosystems Inc. (Fort Collins, CO) in April
2014 and thereafter cultured in an 11 L aquarium with a water depth of 3-5 cm of AFW and
continuously aerated in the lab. Pre-soaked paper towel was used as a substrate for the worms,
who were fed with commercial goldfish flakes roughly twice a week; water was changed
biweekly (Pakarinen et al. 2011, Wang et al. 2014).
The effects of CNMs on the sediment dwelling invertebrate L. variegatus were assessed
using the experimental setup shown in Fig. A3.1. Artificial and natural sediments were used for
experimental tests. Artificial sediment was prepared according to OECD guidelines (2007).
Irondequoit Bay (3°13'19.5"N 77°32'24.8"W) was the site chosen for sediment collection due to
its long history of contamination, importance as an ecological resource, and abundance of
benthic macroinvertebrates, including oligochaetes, gastropods, and chironomids (Haynes et al.,
2002; Dinolfo, 2016). At the time of collection the sediment had an organic content of 1.0 ± 0.2,
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0.9 ± 0.2 and 2.2 ± 1.1 for the 0-2, 2-5, and 5-10 cm strata, and had detectable quantities of the
following metals: Ba, Cr, Pb, Hg, Li, Ni, Sr and Zn (see Appendix 2 for details on metal
analysis). All materials were well below the EPA guidelines for ecotoxicity in sediments
(USEPA 1996). For standard toxicity testing, surface sediments (0-2cm) were sieved (1 mm
mesh) and stored at 4°C. The treatments in artificial sediments were at 0, 1.5, 10, 25, 30, 100,
150 mg C60 kg-1. Experiments were run across three separate trials (n=10/trial); 0 and 25 mg kg1

concentrations were used in all trials. C70 and C60-PCBM were evaluated at 25 mg kg-1 (n=10)

only in trial two. The third set of trials was conducted with natural and artificial sediments at
concentrations of 0, 1.5 and 30 mg C60 kg-1 sediment.
Sediments were vigorously mixed with the fullerene solution using a rotating metal paint
mixer for 4 hr and allowed to rest in the refrigerator at around 4°C for approximately 24 hr.
Following the rest period, 60 g sediment (wet weight) was added to 250 mL glass jars and the
headspace filled with 100 mL AFW. The headspace was gently aerated for 24 hours with an
aquarium air pump fitted with silicone airline tubing and individual glass Pasteur pipettes for
each jar (Pakarinen, 2011). Thereafter, 15 randomly selected worms were added to each jar. The
initial wet and dry weight from additional sets of worms from the tank were measured to get the
average initial weight. Jars were covered with parafilm to minimize evaporation, kept under a
16:8 light:dark cycle and were checked frequently to ensure that aeration was consistent. Losses
to evaporation were countered by addition of distilled water every two days.
After 28 days, water was carefully siphoned from the jars and the sediment. Worms were
gently extracted from the sediment, counted, rinsed with distilled water to remove sediment
residues, patted dry and the total wet weight of all the worms collected from each jar was
recorded. Worms were oven dried at 60oC and dry weight recorded after 24 hr. Representative
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worms were separated from each sample prior to drying and preserved in 70% ethanol for
evaluation using microscopy. Change in population size was calculated as the change in number
of live organisms between the initiation (n=15) and termination of the experiment. Final mass
per individual was calculated by dividing the total dry mass of all individuals recovered by the
number of individuals recovered.

2.2.3. Toxicity of Fullerene (C60) on diatom N. palea
The axenic strain of Nitzschia palea (Ref. CPCC-160) was obtained from the Canadian
Phycological Culture Center (University of Waterloo, Waterloo, ON, Canada) and cultured with
Chu no. 10 basic medium (6.4<pH<6.6), as modified by J. Acreman (Stein, 1973). Prior to the
experiment, algal cultures were transferred to 250 mL Erlenmeyer flasks containing three
hexagonal ceramic tiles (n=4) to allow diatom attachment and growth for at least 2 weeks (Fig.
A3.2d). Thereafter, the overlying media was pipetted out of the flask and new media and C60
solution were added to flasks. Flasks were then randomly placed on shakers and incubated in a
growth chamber for 7 d at 20 ± 4 °C with a 16 hr photoperiod. Every other day, flasks were
rotated in position to reduce potential light variability influences within the chamber.
Algal photosynthesis and respiration were evaluated based on production and
consumption of CO2 in an airtight 250 mL mason jar with a polyethylene terephthalate insert
designed to reduce the headspace volume to 120 mL (Fig. A3.2c). The CO2 concentration was
measured in the dark and light under natural sunlight using a LI-COR LI-820 CO2 Gas Analyzer
and light availability (1,400-1,800 uE m-2 s-1) was measured using a LI-COR 2pi sensor with a
LI-250A meter. After CO2 measurements were complete, the tiles were transferred to aluminum
foil-wrapped 50 mL centrifuge tubes with 13 mL 90% acetone. Samples were immediately
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sonicated (3 x 1 min intervals) followed by overnight extraction at -20 °C (Strickland and
Parsons, 1972). Absorbance was measured at 665 and 750 nm before and after HCl addition on a
Shimadzu 1800 spectrophotometer and chlorophyll a calculated according to Lorenzen (1967).
Net primary production and respiration were calculated based on the change in CO2 over time in
the light and dark, respectively, and gross primary production (GPP) was calculated as the
difference between dark and light measurements, assuming that respiration is equivalent in the
light and dark (Howarth & Michaels, 2000)

2.2.4. Microcosm Experiment: Evaluation of effects of fullerene in functional role of L.
variegatus
2.2.4.1. Sediment Collection and Experimental Set-Up
Sediment for microcosms was collected from Irondequoit Bay to a depth of
approximately 12 cm using a 9.5 cm core tube, separated based on depth profile (0-2, 2-5, 5-12
cm) and sieved to remove rocks, macroinvertebrates and plants. Microcosm cores were then
reconstructed in 30 cm height by 9.5 cm diameter polycarbonate tubes maintaining the depth
profile, with 10 cm of sediment and approximately 1 L of headspace in the water column.
Opaque plastic was placed around the core at the sediment level to avoid light penetration.
The microcosms were then submerged in a 416 L open top Living Stream recirculating
aquarium (FrigidUnits, Inc. Toledo, OH) filled with AFW at between 20 and 22°C and aerated
with room air via air stones with a 14:10 hr light:dark cycle for approximately one month prior to
experimental start. The tank was illuminated with full spectrum fluorescent bulbs (Fig. A3.3c).
C60 solution was added to the headspace of the core after removal of equivalent volume of
water. Concentration of stock solution was verified at the time of addition. Prior to extraction
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from the stock solution for addition to microcosms and verification of stock concentration,
stirring was stopped for 5 minutes.
The experimental design was fully crossed with control, 1.5 and 30 mg C60 kg-1 sediment
(E. Moore, unpub. data) with and without L. variegatus (n=5). Calculations for C60 addition to
microcosms and assumptions are described in Appendix 4. For the L. variegatus treatments, 70
organisms were gently added to the top of each core and recovery evaluated by sieving
sediments at the end of the experiment (Kuntz, 2015).

2.2.4.2. Oxygen and Nutrient Flux Measurements
Dissolved oxygen, nitrate, phosphate and ammonium fluxes were measured according to
Tyler et al. (2001). Microcosm chambers filled to top were sealed to prevent gas exchange with
the atmosphere bubbles removed. Measurements were taken at 7 time points every 1.5 hr, the
first three in the dark and the last four in the light. Oxygen measurements were made with a
Hach HQ40d meter (LDO101 probe) and water samples for nutrient measurements were taken
with a 60 cc syringe. Water was replaced with a known fill volume of known concentration. Flux
rates were calculated based on the change in headspace solute concentration over time (Tyler et
al. 2001). A 14:10 light:dark daily period was assumed to calculate the daily net ecosystem
metabolism (NEM) and daily nutrient fluxes. Gross primary production (GPP) was calculated
from the difference between the oxygen flux in the light and dark, assuming that respiration is
the only oxygen consumption process occurring during the dark cycle (Howarth & Michaels,
2000).
Water samples were immediately filtered through a 0.45 μm membrane filter and frozen
at – 20ºC prior to analysis. Nitrate + nitrite (NO3- +NO2-) and phosphate (PO43-) were measured

23

with a Lachat Quikchem 8500 autoanalyzer using Lachat Methods 10-115-01-1-A and 10-10704-1-H, respectively. Ammonium was analyzed using the phenol-hypochlorite method
(Solórzano, 1969). Flux rates were calculated based on changes in concentration over time (Tyler
et al., 2001) and daily rates were calculated by summing light and dark measurements, assuming
a 14:10 light:dark cycle.

2.2.4.3. Impact on sediment properties
Sediment chlorophyll a samples were collected in duplicate using a 5 ml cc syringe corer
to one cm depth. Samples were immediately placed in 15 ml centrifuge tubes, wrapped with
aluminum foil to prevent light penetration and frozen at – 80ºC until analysis. Samples were
analyzed within 30 d of sampling as described above. Benthic microalgal photosynthetic
efficiency (GPPChl) was calculated by normalizing GPP by the Chl a concentration.
Organic matter (OM) samples were taken from each microcosm using a modified 60 cc
syringe. Cores were sectioned at 0-2 cm, 2-5 cm, and 5-10 cm and % OM determined based on
the mass loss on ignition (Heiri et al, 2001). Samples were checked for the presence of worms,
which were removed and counted prior to drying.

2.2.5. Data Analysis
All statistical analyses were conducted on JMP 13 Pro Statistical software. Heterogeneity
of variance and normality were assessed to meet the assumptions of the statistical tests used and
when necessary, data were transformed prior to analysis. Change in population size and weight
of L. variegatus in toxicity tests were normalized to the control and then a one sample t-test was
used to evaluate significant differences relative to zero. Where multiple experiments utilized a
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similar concentration, normalized values were pooled for statistical analysis. A three-way fullfactorial analysis of variance (ANOVA) was performed to compare oxygen and nutrient fluxes
among concentration of C60, time and presence of L. variegatus. A two-way ANOVA was used
to compare fullerene concentration and presence of L. variegatus for post-experiment analysis of
sediments. When significant effects were found (p-value ≤ 0.05), Tukey’s HSD post hoc analysis
with α=0.05 was used to identify significantly different pairs.

2.3. Results
2.3.1. L. variegatus survival and weight
C60 significantly impacted the population growth rate of L. variegatus in artificial
sediments at 25 mg kg-1 (Table 2.1, Fig. 2.2, t-test, p = 0.0181), 30 mg kg-1 (p = 0.0249), 100 mg
kg-1 (p = 0.001) and 150 mg kg-1 (p = 0.01). The overall number of individuals present at the
conclusion of the experiment using artificial sediments was reduced as the concentration of
pristine C60 increased beyond 10 mg kg-1, but at a similar concentration (25 mg kg-1) C70 and
C60-PCBM did not have an equivalent negative impact on population growth. Individual mass of
individuals in artificial sediment was significantly affected by C60 at 25 mg kg-1 (p = 0.007) and
150 mg kg-1 (p = 0.014). Further, L. variegatus growth rate and individual mass in natural
sediments was not significantly affected by C60, although the mass and population growth was
substantially lower than in artificial sediments. Both individual mass (p = 0.002, F = 11.7) and
population growth rate (p = 0.0005, F = 14.6) for the controls were statistically affected by the
sediment type.
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2.3.2. N. palea chlorophyll a analysis and CO2 consumption
N. palea showed an increasing dark pigmentation as concentration of C60 increased (Fig
2.3). The chlorophyll a content of N. palea was significantly higher for the highest treatment of
C60 (100 mg/L), but there were no significant differences between the control and the lower
concentrations (Fig. 2.4a, 1-way ANOVA, p = 0.0017). C60 significantly inhibited
photosynthesis by the benthic diatom N. palea (Fig. 2.4b, 1-way ANOVA, p = 0.0063).

2.3.3. Microcosm Experiment
2.3.3.1. Oxygen and nutrient fluxes
The interaction between L. variegatus and time was significant for GPP and NEM (Table
2.2, Fig. 2.5, 3-way ANOVA, “L. var. x Time” effect, p < 0.0001). Invertebrates had a
significant effect on nutrient cycling (Fig. 2.6, Table 2.2). L. variegatus treatments significantly
enhanced daily fluxes of nitrate (p = 0.03) and ammonium (p < 0.0001). On Day 2, ammonium
concentrations slightly increased as the concentration of C60 increased for the L. variegatus
treatments (p = 0.08). No significant three-way interactions were observed for nutrient and
oxygen fluxes.
2.3.3.2. Post-experiment analysis of sediments
Chlorophyll a was somewhat reduced as the concentration of C60 increased for
treatments without the presence of organisms, but there was no significant differences on chl a
and overall photosynthetic efficiency (GPPChl) among treatments (Fig. 2.7, Table 2.2). Oxygen
penetration was slightly increased in the presence of L. variegatus, but not significantly so. The
% OM remained consistent among treatments, but was significantly higher at 2-5 cm (p =
0.0476) in the absence of L. variegatus (Fig. 2.8, Table 2.2). At the end of the experiment, the
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number of L. variegatus recovered were 43 ± 5, 44 ± 5 and 35 ± 3 for 0, 1.5, and 30 mg C60 kg-1
sediment, and there were no significant differences in recovery among treatments (one-way
ANOVA, F=1.2, p = 0.33).
Figures

Fig 2.2. 28-day response for L. variegatus exposed to C60 at 0 (Control), 1.5, 10, 25, 30, 100 and
150 mg kg-1 and 25 mg kg-1 sediment of C70 and C60-PCBM. Monthly change in population
size in artificial (a) and natural (b) sediments at the end of 28 d, and mass per individual in
artificial (c) and natural (d) sediments at the end of 28 days. A control and 25 mg C60 kg-1
addition were used in all three artificial sediment experiments and are pooled here for
presentation. Only C60 was used with natural sediments. Values are mean ± SE.

27

Fig 2.3. Light microscopy images of the diatom N. palea exposed to C60 at a) 0 (Control); b) 7;
c) 25; d) 50; e) 100 mg/L at 16x magnification; and f) 100 mg/L at 56x magnification.
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Fig 2.4. Chlorophyll a results of the diatom N. palea exposed to C60 at 0 (Control), 7, 25, and
100 mg/L (a); and GPP of the diatom N. palea exposed to C60. Values are mean± SE. Different
letters indicate significantly different treatments (b). Values are mean± SE. Unique letters above
bars indicate a significant difference between treatments.
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Fig 2.5. Daily net ecosystem metabolism (NEM) (a); and hourly gross primary production
(GPP). Values are mean± SE.
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Fig 2.6. Sediment water column exchange of NO3- (a); NH4+ (b); and PO43-(c) daily fluxes during
Day 2 and Day 30 after fullerene addition in sediment microcosms in the presence and absence
of L. variegatus exposed to 0, 1.5 and 30 mg C60 kg-1 sediment. Values are mean ± SE.
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Fig 2.7. Depth of oxygen penetration into the sediment surface (a); Benthic microalgal
chlorophyll a (b); and photosynthetic efficiency (GPPChl) (c) at Day 30 of the microcosm
experiment. Values are mean ± SE.
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Fig 2.8. Percent organic matter per depth taken during destructive sampling (mean ± SE). Values
are plotted at the midpoint of the depth interval over which they were measured and are slightly
offset from one another to facilitate visualization. Solid black lines represent treatments without
L. variegatus, and the dashed gray lines represent treatments with L. variegatus.
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Tables
Table 2.1. Results of one sample t-test for the effects of C60 on L. variegatus population growth
and individual mass after 28 d of exposure. Significant effects (p < 0.05) are highlighted in bold
text.

34

Table 2.2. Top: Results of three-way ANOVA for the main effects of C60, presence of L.
variegatus (L. var.) and time and their interactions on Net Ecosystem Metabolism (NEM), gross
primary productivity (GPP), daily fluxes of nitrate, ammonium, and phosphate. Bottom: twoway ANOVA examining the main effects of C60 and organism treatment and their interactions
on chlorophyll a, oxidized sediment depth, photosynthetic efficiency (GPPChl), and OM content.
Significant effects (p < 0.05) are highlighted in bold text.
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Table 2.3. Fluxes of nitrate (µmol m-2 h-1), ammonium (µmol m-2 h-1), and phosphate (µmol m-2
h-1) on Day 2 and Day 30 in the light and dark (mean ± SE). Significant effects between light and
dark as determined by paired t-test (p<0.05) are highlighted in bold text. Marginally significant
(p<0.01) effects are italicized.

2.4. Discussion
In this study we evaluated the lethal and sub-lethal effects of three forms of fullerene on
two model organisms, the freshwater oligochaete L. variegatus and the benthic diatom N. palea,
in order to determine eco-toxicity and potential for indirect impacts on benthic ecosystem
functions, including primary productivity, nutrient cycling and decomposition. While we
observed significant sublethal effects on L. variegatus in artificial sediments, and inhibition of
photosynthesis of the diatom N. palea when directly exposed to C60, there were no measurable
effects of C60 on the role of L. variegatus or BMA in sediment metabolism, photosynthesis, or
nutrient uptake in microcosm experiments.
Overall, fullerenes had a negative impact on the mass of individual L. variegatus at
moderate concentrations, and decreased reproduction at the highest concentrations. Traditional
laboratory tests evaluating the toxicity of C60, C70 and C60-PCBM on L. variegatus showed a
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significant effect on population growth rate at 25 to 150 mg C60 kg-1 sediment added to artificial
sediments, and significant impacts on individual body mass for most concentrations at 25 mg
C60 kg-1 and above (Table 2.1). C60 has been shown to cause lipid peroxidation in aquatic
species (Oberdörster, 2004; Zhu et al., 2006). No significant impacts were found on individual
mass and population growth rate in the presence of similar concentrations of C70 and C60PCBM in artificial sediments or with C60 added to natural sediments. These results are
consistent with a previous study where C60 did not impact survival or reproduction or worms
exposed to fullerenes spiked to natural sediments at 10 and 50 mg C60 kg-1 for 28 d (Pakarinen
et al., 2011). Additionally, the lower population growth rate and individual mass for the control
in natural sediments compared to artificial sediments suggests that sub-optimal conditions in
natural sediments was already a significant stressor, and that the effects of C60 were masked
under natural conditions.
The two-fold decrease in GPP of the benthic diatom N. palea exposed to C60 is likely
caused by a shading effect through the attachment of the carbonaceous nanomaterial to the
microalgae (Fig. 2.4). In a similar study, multiwalled carbon nanotubes reduced photosynthetic
yield of a green alga, potentially as a result of shading, oxidative stress, agglomeration and
physical interactions (Matorin et al., 2010; Wei et al., 2010; Long et al., 2012). Compensation for
shading by increasing light harvesting pigments is a common response in primary producers
(Falkowski, 1980; Porter et al., 1984). However, the increase in chlorophyll a was not sufficient
to counter the enhanced metabolic demands and the net carbon balance for the algae was
negative at all concentrations of C60. The adherence of CNM to the diatoms (Fig 2.3) was also
observed with carbon nanotubes and could suggest a potential transfer mechanism of the material
to higher trophic levels (Verneuil et al., 2015). These results add to our understanding of the
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potential effects of CNMs on aquatic microalgae, but questions of the mechanism of action and
trophic transfer potential remain (Von Moos & Slaveykova 2014).
In spite of the significant impacts of L. variegatus and benthic microalgae on sediment
metabolism and biogeochemistry, and the significant impacts of C60 on biomass and growth of
both functional groups in isolated experiments, C60 did not significantly change the ecosystem
role of either functional representative. The overriding influence on benthic ecosystem functions
was the bioturbating invertebrate L. variegatus. In the presence of L. variegatus, net ecosystem
metabolism was significantly enhanced and nutrient cycling was more rapid. Our observations
are consistent with studies that showed an increase in nutrient cycling at the sediment-water
interface and organic matter mineralization in the presence of oligochaetes (Nogaro et al., 2007;
Kuntz and Tyler, 2018). The increase in oxygen consumption and release of ammonium to the
water column is caused largely by respiratory processes of the invertebrates (Kuntz and Tyler
2018). The lack of effects of C60 on the role of L. variegatus suggest that at the concentrations
used in these natural sediment microcosms, there is little sublethal impact on the worms that
would lead to a subsequent shift in benthic ecosystem function, which is consistent with the
results of the direct toxicity studies. C60 did not significantly affected the population size of L.
variegatus in the microcosm experiment, which is consistent with the direct toxicity tests in
natural sediments. The presence of L. variegatus appears to have an effect on organic matter at
depth. In addition, the increase of oxygen penetration caused by the burrowing behavior of L.
variegatus may influence the behavior of C60 in the sediments (Galloway et al., 2010; Wang et
al., 2014). In spite of the complete shutdown of net primary production in isolated experiments,
there was no significant effect of C60 on GPP for the microcosm experiment.
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Our study demonstrated that the findings of standard toxicity experiments under ideal
conditions do not necessarily correlate with environmentally relevant results and ecosystem
effects. Pigneret et al. (2009) suggested that longer term experiments are required to show the
impact of contaminants on the role of organisms on ecosystem functions, so perhaps with longer
experiments we may have observed additional effects. Additionally, the negative effects of
fullerenes on individual organisms increased with increasing concentration, and the
concentrations in microcosms were roughly at the threshold where effects were observed in
toxicity tests. Thus, we may also have observed greater indirect effects on ecosystem processes
at higher concentrations of CNMs. The methods and results of this work may prompt the
application of environmentally realistic assessments in order to better understand the ecosystemlevel responses of engineered nanomaterials.

39

Chapter 3.
Conclusions and Policy implications
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3. Conclusions and Policy implications
This study combines traditional ecotoxicology studies with microcosm experiments to
better understand the ecosystem-level responses of fullerenes. It has showed that pristine
fullerene can affect population growth of the bioturbating oligochaete L. variegatus at high
concentrations, but shifts in ecosystem processes and functions caused by fullerenes and
functionalized derivative under experimental conditions were not identified. The methods and
results of this work may prompt future ecological impacts assessment of engineered
nanomaterials. Further research needs to be done to evaluate potential effects of functionalized
fullerenes in the role of benthic organisms in ecosystem functions and services. Further longterm microcosm studies are necessary to assess potential effects of CNMs on biogeochemical
processes.

3.1. Nanotechnology Policy implications
The gap of knowledge regarding ENM toxicity and safety limits the comprehensive
assessment necessary to make regulatory decisions. Currently, there are no regulations regarding
nanomaterial manufacturing, use or other life cycle stages in the environment or workplace
(Wardak et al., 2007). The USEPA, the main American institution involved in the research and
risk assessment of ENMs, has done scientific methods development to study the behavior of
nanoparticles during manufacturing, product use, and end of life disposal (USEPA 2010; 2012).
Such studies include mapping of environmental fate of nanomaterials, effects on ecosystems and
wildlife health and the development of sustainable ways to manufacture ENMs. The U.S. Food
and Drug Administration (FDA) is also responsible for regulating products (food, cosmetic,
drugs, devices etc.) that contain nanomaterials.
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Even though there are still no set laws regarding nanomaterials, the FDA has developed
several draft guidelines reflecting their position about the application of nanotechnology in FDAregulated products (FDA, 2005). Thus, such guidelines can be used as reference for ongoing
efforts in creating a more complete framework for risk assessment of nanomaterials.
Additionally, current and future research using more suitable methods for measuring
nanomaterials toxicity may more accurately assess their transformation and interaction with the
environment; and, consequently, be safely used to guide anticipatory environmental policy
towards nanotechnology.
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Appendix 1. Literature review for toxicity studies of fullerenes
Table A1.1. Literature review for toxicity studies of fullerenes
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Appendix 2. Irondequoit Bay sediment metals characterization
Surface sediment (0-2 cm strata) was collected from Irondequoit Bay at the time of
sediment collection for toxicity experiments. Sediments were oven dried at 60 °C prior to
analysis. The aqua regia extractable content of metals in the sediment (n=5, analyzed in
triplicate) was determined by placing 0.5 g of dried, homogenized sediment in a 50 mL glass
tube, to which 12 mL of aqua regia (3:1 mixture of HCl:HNO3, trace element grades) was added.
Pre-digestion was carried out for 24 hours at room temperature, followed by digestion in an
IsoTemp hotblock at 100 °C for one hour. Samples were cooled, filtered, and diluted (4 mL
sample: 40 mL 2% HNO3). Samples were analyzed via inductively coupled plasma optical
emission spectroscopy (ICP-OES) using a Perkin Elmer Optima 8000 and chemical standards.
Results reflect analysis in triplicate.
Table A2.1. Irondequoit Bay sediment metals characterization (n=5). Average concentration is
represented in μg/g of sediment. Zero values reflect results below the instrumental level of
detection.
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Appendix 3. Photographs of experimental set ups

Fig A3.1. Experimental setup for L. variegatus toxicity test.

Fig A3.2. N. palea growth on hexagonal ceramic tiles (a); Glass jar where CO2 flux analysis was
performed (b,c); and experimental set-up of N. palea toxicity test (d).
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Fig A3.3. Schematic of flux measurements performed in the laboratory during the microcosm
experiments (a); Sediment core without the addition of L. variegatus (b); Living stream filled
with artificial freshwater where sediment cores were acclimated and flux measurements were
performed (c); and Sediment core in the presence of L. variegatus (d).
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Appendix 4. Calculations for C60 addition to microcosms
The total estimate of C60 production in the U.S. ranged from 2 - 80 t yr-1 during 20072010 (Piccinno et al., 2012). We assumed a 2% release of material during manufacturing (Keller
et al., 2013), with continued accumulation in a single waterbody (Irondequoit Bay, an
embayment of Lake Ontario in New York State). Using the surface area of Irondequoit Bay, a 10
year accumulation scenario resulted in a final concentration of 1.5 mg C60 kg-1 sediment (low
scenario) and 30 mg C60 kg-1 sediment in the top 3 cm of sediment based on Irondequoit Bay
dry bulk density, which required an addition of C60 to the water column to achieve a final
headspace concentration of 0.36 mg L-1 and 7 mg L-1 for the low and high scenarios,
respectively.
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